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Abstract. This paper is intended to illustrate two points. The first being the extensive growth of
resonant Raman soft x-ray scattering due to the emergence of third-generation x-ray sources. With

these' sources, the ubiquitous presence of Raman scattering near the 3d and 4d ionization .

thresholds has been used to elucidate the excitation process in a number of rare earth and
transition metal compounds. Such scattering can produce dramatic changes in the emission
spectrum, as we show in our example of inelastic scattering at the 3d threshold of Nd,O,.
Photon-in photon-out soft x-ray spectroscopy is adding a new dimension to soft x-ray
spectroscopy by providing many opportunities for exciting research, especially at third-generation
synchrotron light sources. Second, it is very effective to use theory and experiment to
characterize the electronic properties of materials. In particular we confirmed in-plane oxygen-
ruthenium bonding in Sr,RuO,, this first copperless perovskite superconductor, by analyses
using calculations, soft x-ray emission spectroscopy (SXE) and photoelectron spectroscopy
(PES). Measurements of this type illustrate the importance of combining SXE and PES

measurements with theoretical calculatjons.
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INTRODUCTION

Soft x-ray emission spectroscopy has been applied extensively toward the study of materials
since the discovery of x-rays [1-4]. Soft x-rays are especially powerful as a probe to study bulk
electronic structure, because they are atomic site specific, penetrate tens to hundreds of atomic
layers, and produce less damage than electrons or ions[5]. The large penetration depth of x-rays
make them an important tool to probe multilayers and atoms at buried interfaces[6]. The dipole
selection rule allows one to obtain a selected localized density of states of one of the elements in the
compound under investigation; thus, one obtains complimentary information to that obtained by
photoelectron spectroscopy. X-ray scattering is also an important tool for investigating electronic
excitations and electronic ground-state properties of many electron systems. More recently the
advent of third generation sources has given researchers additional impetus to study biological
systems and other materials by x-ray diffraction and by anomalous and small angle x-ray
scattering. Much of this enormous body of work is summarized in several volumes of the
Handbook of Synchrotron Radiation [7], and was published in the proceedings of several
workshops devoted to this topic[8,9]. The advent of third generation sources has allowed
scientists to extend the energy range of inelastic x-ray scattering to include the soft x-ray region of
the spectrum, and several groups have studied many different materials and compounds.[5,10-12]

The processes of photon absorption and photon emission are driven by the first order process
coupling the electron momentum, p, to the vector potential of the photon field, A. Weaker two
photon processes involving the (Ae A) term produce elastic scattering (Rayleigh scattering) and
inelastic scattering (Raman and Compton scattering). Non resonant Raman scattering was
observed in the x-ray spectra region three decades ago [13]. These pioneering measurements
required exposing the photographic plates for about twenty-four hours to observe the x-ray
scattering. Resonant Raman scattering involving the (pe A)* term of the Hamiltonian was
observed over twenty-five years ago in the keV region of the x-ray spectrum [14-16]. The

importance of these coupled scattering processes has become much more evident.

The general relationship for the scattering cross section as a function of the input photon and
the scattered photon is given by the generalized Kramers-Heisenberg (K-H) equation, derived
from second-order time-dependent perturbation theory 17], as shown in Eq. 1.
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In this equation the first term is the Compton, non-resonant Raman and Rayleigh scattering, the
second term describes resonant scattering, and the third term does not contribute significantly to the
scattering amplitude and is neglected. The scaling factor for the inelastic scattering cross section is
the square of the classical radius of the electron, re, which has a magnitude of 7.0x10-24cm2. The
delta function in the K-H equation insures the conservation of energy in the scattering process.
The indices, I and F, represent the initial and final states, respectively. The energy of the input
photon is hvy. The quantities e; and ep are the polarization directions, and kj and ko are the
propagation directions of the input and output photons, respectively. The energies En and Ej are
the energy of the intermediate state, m, and the energy of the initial state, respectively. The
amplitudes are summed over the intermediate states, n, and the cross section is summed over the
final states, F.

In the soft x-ray spectral energy region of interest, this cross section is small compared to the
first-order photoionization processes, and only the resonant term contributes significantly to the
scattering. The resonant scattering is characterized by a summation over the intermediate states,
[18,19] thus Eq. 1 reduces to:
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This scattering is not limited to atomic levels but has been observed to modify the band
emission of solids near threshold. The phenomena was explained by Ma et al. [20] as a process

that involved not only energy conservation, i.e., hvj-hvo= Ep-Ej, but crystal momentum
conservation as well so that two equations apply in solids, namely:

hvi-hva= Ec(Ke)-Ev(ky), 3
q1 + Ky = Ket+ q2 = G. 4)

In these expressions the quantities E¢(k,) and Ey(iy) are the conduction band and valence band
binding energies indexed to the crystal momentum vectors k¢ and xy of the conduction band and
the valence band electron, respectively. Thus, Raman scattering can involve states localized in real
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or momentum space. A number of experiments where Raman scattering from states localized in
momentum space [20-25] have been performed, and some of them will be discussed by Shirley at
this conference.

The advent of third-generation sources has spawned a great deal of work on resonant Raman
scattering in the soft x-ray region of the spectrum, especially with rare earths and transition metals.
A partial list of the materials that have been studied in the past few years, and the publication
reference is given in Table I [26-40]. We shall provide an illustration taken from one of these
studies to show how Raman scattering can be used to elucidate the atomic properties of
neodymium [39]. We will also present recent work [41] invoking conventional incoherent X-ray
excitation and show its use in the interpretation of band structure and the determination of the
electronic properties of a relatively complex solid.

INSTRUMENTATION

Until recently, the exploitation of photon-excited soft x-ray emission spectroscopy in the soft
x-ray range (50 eV to 1000 eV) as an extremely powerful and useful technique to study the
electronic structure of atoms in solids and molecules has been limited by the small fluorescence
yields (10-3-104) of materials with a low atomic number and by inefficient soft X-ray
spectrometers. To counter the deficiency of low yield and low spectrometer efficiency, improved
soft x-ray grating spectrometers [42,43] with sensitivities 103-104 times greater than conventional
spectrometers have been coupled with third-generation synchrotron radiation sources. For the first
time a narrow band of x-ray radiation (E/AE>1000) can be used to excite soft x-ray emission in its
entire spectral range. This combination allows high-quality spectra to be obtained from some
elemental samples [44] in about thirty seconds.

At present we employ a spectrometer mounted on a beam line at the center for Advanced
Microstructures and Devices (CAMD) [45] at Louisiana State University and another spectrometer
end station on an undulator at the Advanced Light Source (ALS) [44] at Lawrence Berkeley
National Laboratory. The soft x-rays from the sample are energy analyzed by a grating
spectrometer and a computer-interfaced multichannel detector [42]. While the apparatus we use
does not rotate about the x-ray beam, the ability to rotate the spectrometer allows the experimenter
to study the angular distribution of the fluorescence radiation that has been excited by either S or P
polarized x-rays [34], allowing one to study the bonding orbitals in a single crystal or at surfaces.
Typically, the energy resolution employed while measuring the spectra presented in the figures was
between 0.3 eV and 3.3 eV.




RESULTS
Photon-in photon-out soft x-ray spectroscopy is adding many opportunities for exciting
research at third-generation synchrotron light sources. Dramatic changes in the emission spectrum
are observed near the 3d ionization thresholds of the rare earths due to resonant Raman scattering
and Coster-Kronig processes, as we show in our example of spectra obtained in Nd,O, [39]. In
the second example, effective use [41] of theory and experiment is made to characterize the
electronic properties of Sr,RuQ,, the first copperless perovskite superconductor.

I) Probing electron correlation, charge transfer and Coster-Kronig transitions at
the 3d and 4d thresholds of Nd by resonant inelastic scattering

The motivation to study Nd,O; was to see if a purely atomic model for the emission involving
4f electrons is viable as an alternative approach to the Anderson-Impurity model. At and below the
excitation threshold of the 3d electrons, the emission is dominated by inelastic scattering. Our
results indicate strong Coster-Kronig decay of the 3d,,, hole, as well as additional occupancy of the
4f level via charge transfer from the oxygen valence band only for the 3d-4f threshold. The Coster-
Kronig process is an Auger decay of a core hole where the initial electron and one of the final state
electrons come from the same shell. The other final state electron may come from any shell that is
energetically possible. Strong inelastic scattering produces energy losses of 2.3 and 21 eV, which
are due to 4f inner shell excitations (4f> — (4f%)") and 5p-4f excitations (5p°4f > — 5p°4f %),
respectively. The results are explained by our atomic calculations indicating strong localization of
the 4f electrons and suggesting that correlation effects of the 4f electrons are weak.

In Fig. 1 the x-ray emission spectrum (XES) of Nd,O, above the 3d-4f threshold is displayed.
The excitation energy is 1022.4 eV. Six peaks are resolved and labeled as A through F. To identify
the features, we have calculated the atomic transition rates for Nd* by using Cowan’s code [46].
The scaling factor for the Slater integrals [47] was 80%, and the results are shown below the XES
spectrum. The calculated spectra in Fig. 1 have been broadened by 3.3 eV full width-half
maximum, which is approximately the theoretical resolution of the spectrometer. Transitions
between three different electron configurations were calculated, and each one is displayed in a
different line style in Fig. 1. All peaks are due to the filling of the 3d hole, and the assignments are
as follows:

Peak A: 3d° 5p° 4f * L [°K or 3d,,, ] — 3d'° 5p° 4f * L [ ], (dotted line).
Peak B and D: 3d° 5p° 4f ® [*G] — 3d'* 5p° 4f * [°F], (dashed line).
Peak C and E: 3d’ 5p° 4f* L [C: “K,,, or 3d,,, E: *H,, or 3d,,] = 3d" 5p° 4f ® L [*L,,],

(solid line).
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The terms corresponding to the strongest transitions between the electron configurations are
given in brackets. Both LeS and j-j notation will be used for the terms of the configurations in this
paper. The quantity L denotes a ligand hole.

In Nd,O, the Nd atom is triply ionized, and the electron configuration is 3d'® 5p° 4f > with a
“1,, ground state term. The electron configuration for the intermediate state, leading to peaks A, C
and E, has four electrons in the 4f shell. Charge-transfer processes provide additional occupancy
of the 4f level when exciting above the 3d absorption threshold. Charge transfer electrons from the
oxygen valence band can shake down to the 4f levels from where the 3d hole can be filled. This
behavior has been observed in other rare earth materials [40, 48]. Our calculations show also that
peak C has some contribution from the transitions that lead to peak A (dotted line). Our data are not
corrected for self-absorption because of the uncertainty of the relevant cross sections. The
amplitudes of peaks C and E are diminished by self-absorption. Peak F is due to an inelastic loss.

The absorption of Nd,0, in the region of the 3d threshold has been measured by detecting the
total electron yield (TEY), and the spectrum is displayed in Fig. 1. The features mainly arise from
excitations of the 3d"°4f > (*I,,,) ground state to the *K,,, (3ds,) and °K,y,, *I,,, and *H,,, (3d,,)
terms of the 3d°4f* configuration. The measured spectrum for Nd,O, is well reproduced in detail
including the relative peak height by the calculation for atomic Nd**. This indicates the strong
localization of the 4f electrons.

Fig. 1 also exhibits the measured partial fluorescence yield (PFY) of Nd,O,. It represents the
total intensity emitted in the detectable range (880-1100 eV) versus photon excitation energy. Two
differences in electron (TEY) and fluorescence yield (PFY) spectra, are apparent: The energetic
position of the 3d,, is not the same for the two spectra and the peaks are much broader in the
fluorescence yield spectrum. We will discuss this after introducing the next figure.

In Fig. 2 the measured emission spectra for Nd,O, are shown for various excitation energies
through the 3d-4f thresholds. Above the 3d,, threshold (998.6 V), the spectra display the four
fluorescence features as discussed above. The spectrum taken at an excitation energy of 1022.4 eV
is the same XES spectrum as displayed in Fig.1. We note in passing, that some details cannot been
seen clearly because of the large number of spectra displayed. This is due to the extended scale
used in Fig. 2. At and below the 3d,,, threshold, the fluorescence evolves into inelastic scattering.
Resonant inelastic scattering dominates the emission process, and we observe two inelastic loss
features at 2.3 and 21 eV. The loss features corresponding to a constant energy loss of 2.3 eV are
due to 4f inner shell excitations 4f* : “I,,, — (4f°)" : “G,, °H, and G, through the *H,,, intermediate
states of the 3d°4f * electron configuration. These so-called “f-f-transitions” are typical for rare




earth materials and have been observed recently for the first time in Gd [35]. The loss features at
an energy loss of 21 eV are due to net transitions in which a 5p electron is promoted into the 4f
shell 3d°5p®4f* — 3d°5p®4f* — 3d° 5p° 4f . These interpretations are discussed in more detail
and with calculation of the energy loss spectra elsewhere [39].

Comparison of the XES spectra (Fig. 2) and the partial fluorescent yield (Fig. 1) shows that
inelastic processes dominate the emission from the sample, especially near the 3d absorption
thresholds. This behavior has been observed in La as well [40]. The dominating inelastic scattering
accounts for the fact that the features in partial fluorescence (PFY in Fig. 1) are broader than in
absorption (TEY in Fig. 1) and suggests the intermediate state lifetime for fluorescence is short
compared to the lifetime for total absorption. The inelastic scattering also accounts for the different
energetic position of the peaks in TEY and PFY spectra. Fluorescence from the decay of the 3d,,
hole (peaks A, B and C in Fig. 1) is observed after creating the 3d,,, hole (excitation energies of
greater than 998.6 eV). This indicates strong Coster-Kronig decay of the 3d,,, hole of the kind
3d,, —> 3d;,. When exciting at the 3d,,, threshold directly (976.4 eV), only the fluorescence from
the decay of the 3d,,, is apparent (peaks A and C).

Our atomic calculations are in excellent agreement with the experimental results emphasizing the
localized character of the 4f electrons. The emission of rare earth systems with fewer 4f electrons
like Ce [37] and Pr [38], have been discussed in the framework of the Anderson-Impurity model
[49] where correlation effects are taken into account to explain the results. There is especially no
indication that correlation effects need to be taken into account to explain the observations.

II) Planer and apical sites in strontium ruthinate

The next example is an illustration of how x-ray photoemission spectroscopy (XPS), used in
conjunction with XES and computational aids, elucidates the electronic properties of an important
superconducting compound, SroRuOy4, which is the first copperless oxide superconductor having a
layered Perovskite structure. The electronic structure of SrpRuO4 has been studied intensively
during the last few years [50-57]. This material has the same crystal structure as La,CuQO4 with
RuO; planes replacing the CuO, planes. As with the cuprates, the resistivity in-plane and
perpendicular to the plane is highly anisotropic. On the other hand, there are differences between
SraRuQy4 and high-T, superconductors. High temperature superconductors such as SrpRuQ4 are
superconducting without any chemical doping. The d orbitals involved in hybridization with
oxygen 2p states are different; they are of the tag type (dxy. dxz. dyz) in Sr,RuQy4 and of the eg type
(dx2-y2) in copper oxides. The perovskite, SrRuQOy4, shows an enhanced Pauli paramagnetism,

while La;CuQy is an antiferromagnetic insulator. In spite of several band structure calculations of
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SrpRu04[50-52] only a few ultraviolet photoelectron emission (UPS) [55], XPS [57], and angle-
resolved photoemission [53,54] spectral measurements are available.

Our work [41] on this compound is an x-ray emission spectral study of selectively excited Ru
N33 (4d—4p transition) and O Ko (2p—1s transition). The measurements of O Ko x-ray
emission spectra near the O 1s threshold were performed at the Advanced Light Source, while the
measurements of Ru Nj 3 XES at hv=200 eV and O 1s total fluorescence yield (TFY) spectra were
performed on the BL-19B undulator beam line [58] of the Photon Factory located at the National
Laboratory for High Energy Physics (KEK) in Japan.

The soft x-ray absorption spectrum of SroRuO,; measured near the O K-edge using TFY
detection is given in Fig. 3(a). The results are similar to O 1s near edge x-ray absorption fine
structure measurements [55] of Sr,RuOy4. According to band structure calculations of Singh [51]
[reproduced in Fig. 3b)], one can attribute the origin of peak A at hv ~528.5 eV to a transition of
an O 1s electron to the O(1) 2p in-plane unoccupied states (A’) just above the Fermi.energy. From
the calculations presented in Fig. 3(b), the O(2) 2p apical density of states (DOS) contribution is
very small in the region extending a few eV above the Fermi energy but reaches a maximum about
five eV above the threshold. Thus, we can attribute feature B and C in the O 1s TFY spectrum
located at hv ~530 and 531.5 eV, respectively, to a comparable mixture of O(1) and O(2) 2p states
[B’ and C' in Fig. 3(b)]. From Fig. 3(b) we observe the increasing contribution to the O(2) 2p
apical state (D') and interpret the increasing fluorescence at hv ~533.5 eV labeled D in Fig. 3(a) to
these O(2) 2p apical states. As the excitation energy continues to increase, the O(1) 2p channel
shows an increasing density of states at E’ about 8 €V above the threshold. This increase can be
described as a mixing of unoccupied O(1) and O(2) 2p states in the O 1s TFY-spectrum between
536 and 540 eV shown in Fig. 3(a).

Fig. 4(a) shows the O Ko XES (2p—1s transition) of SroRuQOy4 recorded at selected excitation
energies indicated by the vertical lines in Fig. 3(2). Oxygen Ko x-ray emission probes the valence
band states with p-symmetry. As the excitation energy increases, the prominent feature at hv=523
eV is reduced to a shoulder in the spectra obtained at photon energies greater than about 533 eV. At
the excitation energy hv ~534 eV, the O Koo XES valence spectrum is a narrower and more
symmetrical band. This spectrum is quite different with respect to that obtained at hv ~529.2 eV.

The extremely high sensitivity of the O Koo XES to excitation energy can be attributed to the
significant differences between in-plane [O(1)] and out-of-plane apical [O(2)] 2p DOS in SryRuQq.

We can check this suggestion by comparing the XES spectrum obtained from mostly O(1) in-plane
atoms (hv=529.2) with the spectrum obtained from the apical O(2) sites (hv=534.2) with LDA




band structure calculations [51-53], which are reproduced in the upper panels of Fig 4(b). The
distribution of O(1) 2p DOS has an extended two-peak character, as indicated by the broadened
DOS shown as the dashed curve. For the apical O(2) 2p states, the center of gravity of the DOS is
shifted toward the top of the valence band and is much narrower as can be seen by the broadened
DOS in the lower panels of Fig. 4(b).

The calculations can be compared to the experimental O Ko, XES of SrpRuOy taken at an
energy of 529.2 eV, which probes primarily the in-plane O(1) DOS. The broad emission
spectrum with two distinct features suggests that the emission is primarily from O(1) in-plane
atoms as is also confirmed by the calculations. Comparing the O Ko emission spectrum at 534.2
eV which is primarily due to O(2) apical sites as probed by the absorbing photons, we see the
emission spectrum is much sharper showing the single peak and a weak shoulder reproduced by
the calculations for that site in Fig. 4(b). The complimentary nature of the XES, TFY, and the
calculations lead us to differentiate the emission produced by the oxygen atoms at the two different
sites. We now wish to place these spectra on a binding energy scale along with the emission from
the ruthenium atoms in order to evaluate the O-Ru bonding.

The XPS spectrum of SrpRuQy at the O 1s core level consists of two lines separated by ~0.8
eV [57], which corresponds to the different O 1s binding energies (b.e.) for the O(1) and O(2)
atoms occupying non-equivalent positions. A similar difference (AE =1.45 eV) of O 1s b.e. for
O(1) and O(2) atoms is predicted by the band structure calculations of Singh [51]. We have
inferred that the O Kot XES of Sr,RuO4 measured at E~534.2, as shown in Fig. 4(a) is similar to
the calculated O(2) 2p DOS of Sr,RuO4 shown in Fig. 4(b), while the O Kow XES of SrpRuOy
selectively excited at 529.2 eV shows mostly the in-plane O(1) DOS. The high-energy tail seen in
that spectrum can be attributed to the increased DOS at the O(1) site found at b’ in the calculations.
At excitation energies about 544 eV, the O Koo XES of Sr,RuOy4 can be simulated by a
superposition of spectra corresponding to a linear combination of the O(1) 2p and O(2) 2p DOS.

The O Ko emission from SroRuQy is adjusted to the binding energy scale using O 1s XPS
binding energy data. In Fig. 5 the emission bands of Ru N3 3 [58] are compared to the O(1) and
O(2) Ko emission bands and with the UPS spectrum of SrpRuQy4 excited at hv=21.[57] If one
estimates the values of the photoionization cross sections of O 2p and Ru 4d-states obtained from
Ref.59, one can conclude that UPS spectra excited at 21 eV probes both Ru 4d and O 2p states.
Furthermore, O Ko and Ru Nj 3 XES probes O 2p and Ru 4d states directly because of the dipole
selection rules (2p— s and 4d—4p transitions, respectively). We note that the energy position of
the subband of O Ko XES excited at hv=529.2 eV coincides with the peak of the UPS spectrum
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located at 5.7 eV in Fig. 5. The intensity maximum of O Ko XES excited at 534.2 eV
(corresponding mostly to the DOS of the O(2) apical sites) does not coincide well with the UPS
peak located at 2.6 eV or at 5.7 eV. This strongly suggests that O Ko, XES excited at 534.2 eV has

some contribution of O (1) 2p states but isn’t strongly hybridized.

The intense peak of Ru Np 3 XES located at 6 eV binding energy coincides closely to the O Kot

XES subband excited at 529.2 eV. This suggests that Ru 4d states are mostly hybridized with O(1)
2p in-plane states, which agrees with band structure calculations [50-52]. According to angle-
resolved photoemission measurements of SroRuQy [ 54], these Ru 4d-states are derived from dyxy,
dyz and dy,-orbitals. From the classification given in Ref. 60, one can conclude that O(1) 2p states
which are mixed with Ru 4dyy xz,yz-states form p bonds, which also is consistent with the LDA
band structure calculations [50-52]. Our measurements have provided additional evidence that the
p orbits of the oxygen in-plane atoms bond strongly with d, ,d,,,d,, Ru orbits of SryRuOy4 [61].

These results are a demonstration of how one can selectively excite specific oxygen sites by
tuning the excitation energy because the O 1s absorption cross section between in-plane and apical
oxygen atoms is different. Our results also show that the O Koo XES spectra are in a good
agreement with band structure calculations, and one can obtain information about the Ru and O
bonds. Finally the discrepancy with the intensity distribution of the Ru N 3 XES compared to the
LDA calculations suggests that possibly a local two-hole-like final state due to one-site Coulomb
correlations produces an enhanced density of states at 6 eV binding energy.
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TABLEI

A partial listing of recent measurements of resonant Raman scattering in 3d transition metals and

rare earths,
Material/Element Raman Loss Comments Ref.
( 3d Transition Metals) (eV) _
CaF, 16.5 Raman band mimics the valence band 26
Sc oxides and halides 6.1-14.4 Raman loss variable depends on reactivity of 27
anion
SrVO, 1 d-d transition in V band 27
6.8 O 2p to C band 27
V,0, 6.2 d’ therefore no d-d?, O 2p to C band 27
V,0, 13 Metallic phase 28
V,0, 10 and 13 AFI insulating phase 28
Ti (metal) 3.8 d-d transition 29
2.1 Multielectron excitation 29
TiO 4.2 d-d transition 29
2.4 Multielectron excitation 29
TiO, 7.9 d-d transition 29
23.1 O 2p to C band 29
2.1 Multielectron excitation 29
TiO, 7.9 d-d transition 29
BaTiO, 14.1 d-d transition 29
22.5 O 2p to C band 29
7.6 Multielectron excitation 29
TiO, 8 d-d transition 30
FeTiO, 7.5 d-d charge transfer 30
KMnO, 7.5 “ « “ 30
BaSrTiO, 6 d-d transition 31
Dispersive Features in VB emission associated with C-K 31
tran.
MnO 4 d-d transition 32
Pr, .Sr, .MnO, 2 * “ « 33
7 d-d transition with charge transfer 33
Sr,CuO,Cl, 1.5 Polarization dependent d-d transitons 34
1.7 “ “ “ « 34
( Rare Earths)
(Y,Gd),0, 3.8 Excitations within the 4f shell, ie: f-f transitions 35
4.3 «“ « « “ 35
4.8 * “ “ ¢ 35
5.8 “ “ “ « 35
Gd 27 Sp-4f net transition 36
CeO, 6 f-f transition with charge transfer 37
Pr O, 4 “ “ “ ¢ 38
Nd,O, 2.3 “ « * « 39
21 Sp-4f net transition 39
LaAlO, 7.5 f-f transition with charge transfer 40
16.3 Sp-4f net transition 40

15




FIGURE CAPTIONS:

FIG. 1. Soft x-ray emission spectrum (XES) excited above the 3d-4f threshold, total
electron yield spectrum (TEY), partial fluorescence yield (PFY) of Nd,O, and
calculated transitions for atomic Nd in the vicinity of the 3d-4f threshold.

FIG. 2. Soft x-ray emission spectra of Nd,O, excited in the region of the 3d - 4f threshold.
The excitation energy for the spectra is given above each spectrum.

FIG. 3. (a) The x-ray total fluorescence yield of Sr,RuO4 near O K- edge. The photon energy
(abscissa) is adjusted to the energy scale in (b) for ease of comparison by aligning peaks
labeled A in (a) and (b) in the figure.

(b) The results of band structure calculations of Sro,RuQj. The energy scale (abscissa) is
scaled relative to the bottom of the conduction band from the calculation. (adapted from
Ref. 41).

FIG.4. (a) The experimental O Ko XES of Sr,RuOy4 measured at different excitation energies.
(b) O(1), O(2) 2p density of states distribution taken from LDA band structure calculations
of SrpRuO4 by Oguchi [51], Singh, [52] and Hase [53] (adapted from Ref. 41).

Fig. 5. The comparison of the experimental Ru Nj 3 XES (measured at E=200 eV), O Ko XES

(measured at E=529.2 and 534.2 eV) with UPS of Sr;RuOy4 excited at E=21 eV. (adapted
from Ref. 41).
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